The processing of phagosomes containing Legionella pneumophila and Escherichia coli were compared in Tetrahymena vorax, a hymenostome ciliated protozoan that prefers lower temperatures. L. pneumophila did not multiply in the ciliate when incubated at 20 to 22°C, but vacuoles containing L. pneumophila were retained in the cells for a substantially longer time than vacuoles with E. coli. Electron micrographs showed no evidence of degradation of L. pneumophila cells through 12 h, while E. coli cells in the process of being digested were observed in vacuoles 75 min after the addition of the bacterium. T. vorax ingested L. pneumophila normally, but by 10 to 15 min, the vacuolar membrane appeared denser than that surrounding nascent or newly formed phagosomes. In older vacuoles, electron-dense particles lined portions of the membrane. Acidification of the phagosomes indicated by the accumulation of neutral red was similar in T. vorax containing L. pneumophila or E. coli. This ciliate could provide a model for the analysis of virulence-associated intracellular events independent of the replication of L. pneumophila.
Legionella pneumophila, a facultative intracellular pathogen with a permissible temperature range for growth of 25 to 42°C (32) , has been isolated from aquatic environments including conventional cooling towers, streams, lakes, and potable water sources (6, 7, 11, 16, 21, 23) . The ability of L. pneumophila to survive and reproduce in freshwater amoebae and Tetrahymena spp. (2, 3, 9, 10, 25, 31) has been suggested to provide protection for the bacterium from lower temperatures during the winter months (3) . This relationship potentially could permit the existence and propagation of L. pneumophila in chilled water aquifer thermal energy storage systems in which aquifer water is intimately exposed to air by spray to chill the water from 17 to 22°C to 7°C or less for aquifer storage. Currently, only one aquifer thermal energy storage system is operating in the United States, and this prototype system has demonstrated the potential for notable energy savings in temperate regions (18) . Previous investigators have examined the survival of L. pneumophila within protozoa at temperatures within the permissible range for growth of both bacteria and protozoa, including Tetrahymena pyriformis. To investigate the possible survival of L. pneumophila with protozoa active at lower temperatures, we selected T. vorax as a model host. This species has an optimum growth temperature of 20°C. Temperatures of -30°C are lethal.
T. vorax is a hymenostome ciliate which in nature feeds by filtration and concentration of bacteria and other particulate material into food vacuoles (phagosomes) at the base of the cytopharynx of the oral apparatus. After separation from the cytopharynx, the phagosome enters a processing period during which the vacuole decreases in size and undergoes an initial acidification stage. This is followed by a digestive stage in which the vacuole contents are hydrolyzed by enzymes acquired by fusion with lysosomes. The final stage in the digestive cycle is the fusion of the vacuole with the cytoproct, a defined region of the cell surface, for release of * Corresponding author. undigested material. In T. vorax, the timing of the stages of the digestive cycle has been determined by vacuole pH, acid phosphatase activity of isolated vacuoles, and initiation of the defecation period for vacuoles labeled with ferric oxide (29) . Acidification begins shortly after detachment of the phagosome from the cytopharynx and is essentially complete by 30 min, whereas the digestive phase initiated by the fusion of lysosomes is entered between 30 and 60 min. The end of the processing period and the beginning of the defecation period occurs at 100 min. In this report, we compare the processing of vacuoles containing L. pneumophila with that of vacuoles with Escherichia coli, a bacterium normally digested by Tetrahymena spp.
MATERIALS AND METHODS
Cultures. L. pneumophila serogroup 1 (Philadelphia 1 strain) was obtained from James Barbaree (Fig. 3) .
Figures 4 and S illustrate vacuoles containing L. pneumophila and E. coli at different times after the addition of bacteria. These bacteria differ in appearance in electron micrographs, with L. pneumophila observed as substantially smaller than E. coli and less coccobacillary in shape. During ingestion, L. pneumophila was located in vacuoles formed at the cytopharynx of T. vorax (Fig. 4A) . When long bacteria were ingested, they often caused the shape of the vacuole to deviate from the normal spherical shape (Fig. 4B) . Electronlucent vesicles occurred near the membrane of phagosomes before and immediately after separation from the cytopharynx, while the vacuole is associated with the deep fiber (Fig.  4C) . In some sections, these vesicles appeared to be fusing with the vacuolar membrane. Initially, the bacteria were dispersed within the vacuole (Fig. 4A through C and SA) , but shortly after vacuole formation, both L. pneumophila and E. coli were compressed and close to the phagosomal membrane (Fig. 4B, 4D , and SB). While cells of E. coli were often in contact with each other and appressed to the membrane (Fig. SB) , those of L. pneumophila were surrounded by an electron-lucent zone (Fig. 4D) granular appearance of intact cells (Fig. 5C ). The contents of these vacuoles frequently were separated from the membrane by a space. At 120 min, the vacuoles ranged from those with bacteria similar in appearance to bacteria in vacuoles at 75 min to vacuoles containing remnants of cell walls with few to no intact bacteria ( Fig. SD through F) . Vacuole fusion also was observed (Fig. SF) . In contrast, L. pneumophila showed no signs of degradation through 12 h (Fig. 4E) . The vacuoles were irregular in shape, with bacteria in invaginations. When L. pneumophila and E. coli were ingested together, both types of bacteria appeared to be digested during a processing time similar to that for E. coli alone (Fig. 4F) . No vacuoles containing bacteria were observed in 6-h samples. The membrane of phagosomes in protozoa fixed immediately after a 5-min incubation with L. pneumophila was similar to that delimiting vacuoles in control cells containing E. coli throughout the digestive cycle (Fig. 4A through C, 5 , and 6A); however, in samples washed and suspended before fixation (10 to 15 min after addition of the bacteria) and those at 30 min, most vacuoles appeared to be lined by a dense membrane ( Fig. 4D and 6B) . A few mitochondria were observed appressed to the membrane from this time through 12 h ( Fig. 4D and E) . Electron-dense particles similar to cytoplasmic ribosomes were present near the vacuole, but it is unclear whether these are aligned along the membrane in a manner characteristic of older vacuoles (Fig. 6C) until after 30 min. At later times, the membrane also lacked the density. Unlike the dense membrane which appears to border the entire surface of younger vacuoles, the electrondense particles do not completely line the membrane but are almost always present along the membrane adjacent to bacteria. Vacuoles in control protozoa incubated with E. c oli showed no evidence of similar electron-dense particles around the membrane at any stage during the digestive cycle (Fig. 6A) .
Acidification was similar for vacuoles with L. pneirnophila and E. coli. At 30 min after the introduction of the bacteria, there was no detectable difference in the accumulation of neutral red by vacuoles containing either E. coli ( Fig. 7A and B) or L. pneiu,nophila ( Fig. 7C and D) . Vacuoles with L. pneiumophila gave comparable results when chased with inorganic medium up to 90 min.
DISCUSSION
The results of this study show that while L. pnzeiumophila does not multiply in T. vorax at temperatures below its minimum growth temperature of 25°C (32) , it is retained in phagosomes substantially longer than the normal processing period. While fluorescence of labeled E. coli began to disappear from vacuoles during the digestive stage and electron micrographs showed degradation of the bacterium, vacuoles containing fluorescent L. pnelum)ophila did not decrease when the protozoa were maintained in stationary phase for 6 h. The mean number of fluorescent phagosomes did decline when T. vorax was returned to logarithmic growth by resuspending the cells in fresh Loefer's medium. This decrease does not appear to be due to digestion of the bacterium, since no evidence of degradation was seen in electron micrographs through 12 h and the number of viable L. pneirnoplil/a present in these samples remained constant.
The decline may be due to defecation of the vacuoles without digestion of the contents in logarithmically growing cells. Alternatively, these protozoa may be more sensitive to virulent L. pnzeuitm2ophila than protozoa in stationary phase, which could result in the death of some protozoa, particularly those with a greater number of vacuoles containing bacteria. This could account not only for the continuous This alteration in the membrane or the presence of underlying electron-dense particles could block the fusion of lysosomes, as has been reported in monocytes (13) . The modification in the membrane and underlying region of the vacuole precedes the time of lysosomal fusion, as determined by measurement of acid phosphatase activity in vacuoles of T. vorax isolated at different times in the processing period (29) . Similar observations on the membrane of vacuoles containing L. pneumophila undergoing multiplication have been reported in T. pyriformis (8) , Naegleria fowleri (22) , and human monocytes (12 
